In this work, we mechanically perturb a liquid-in-liquid jet to manipulate the size and structure of the droplets formed from breakup of the jet. The induced breakup is relatively insensitive to fluctuations in the surrounding fluid flow. When the amplitude of perturbations is large and the interfacial tension of the liquid-liquid system is low, the size of the droplets can be precisely tuned by controlling the rate at which the liquid exits the tip of the dispensing nozzle through the 1 frequency of perturbation. When applied to microfluidic devices with the appropriate geometry, our approach of perturbation-induced droplet (PiD) offers a strategy to manipulating droplet structures. We demonstrate that, by varying the imposed perturbation frequency and phase lag, the structure of the multi-compartmental drops and the configuration of the resultant drops in the same flow condition can be manipulated. Moreover, after careful treatment of the wettability of the devices, we show that the structure of the droplets can be precisely controlled to change from single emulsion to double emulsion within the same device. The perturbation-induced droplet generation represents a new paradigm in the engineering of droplets, enhancing current dropletbased technologies for applications ranging from particle fabrication to confined micro-reactions.
which is the focus of the current work. To facilitate the use of droplet-based microfluidics for such applications, the size and structure of the droplets must be tailored according to the needs of the applications. There are numbers of work to study the mechanism of droplet generation and liquid breaking up during continuous operation. 16, 17, 18 In principle, the size and the structure of droplets are decided by the fluid properties, 19, 20 such as the interfacial tension 21 between the two immiscible fluids and their viscosities, 22, 23 as well as controlling parameters, including flow rates, 20, 24, 25 driving pressure 26 and device geometries. 27, 28 Practically, droplet size is controlled by varying the flow rates or the driving pressure of the fluids. For instance, in co-flow and flowfocusing droplet makers, the size of droplets decreases with decreasing flow rate of the inner fluid and increasing the flow rate of the outer fluid. 18, 19, 29 The structure of the droplets can also be manipulated by changing the flow rate ratio of the different emulsion phases involved. 30, 31, 32 In the generation of double emulsions, the number of cores in core-shell droplets increases with increasing ratio of the flow rates between the core and shell phases as well as that between the shell and continuous phases. 32 To prepare droplets with well-defined sizes and structure, highly stable liquid dispensing systems, such as precision syringe pumps 33 and pressure regulators, are needed for controlling the flow rates and the driving pressure. Over the past decade, some components, such as valves and micro-actuators, are used to achieve on-demand generation of droplets with different sizes, 34, 35, 36 as reported in some experimental studies 37, 38, 39 and theoretical studies. 40, 41, 42 In particular, one promising approach is to introduce perturbation, for instance, by incorporating piezoelectric actuators, 35, 43 squeezing the tubing that delivers the fluids using a mechanical vibrator, 39, 44 adjusting the driving pressure of the fluids using valves, 34, 45 and introducing surface acoustic waves through on-device transducers. 46, 47 These perturbations have been applied to different systems, such as all-aqueous droplets 39, 48 with ultra-low interfacial tension, as well as gas-in-liquid bubbles, 36 with high interfacial tension. The sensitivity of the interfaces towards perturbations varies with their interfacial tension;
nevertheless, on-demand control over droplet size with fast response 49, 50 can be achieved by adjusting the perturbation amplitude, 35, 51 or frequency. 42 While on-demand change in droplet sizes has been demonstrated, it remains difficult to change the entire structure of droplets, for instance from single ones to multi-compartmental ones with tunable number of compartments, or to core-shell ones with tunable core size within the same device during continuous operation. A new approach that allows continuous generation of droplets with on-demand control over sizes and structures will present a new paradigm in the engineering of droplets.
In this paper, we introduce a versatile approach based on hydrodynamic perturbation to prepare droplets allowing on-demand change in droplet size as well as its structure. In the first part, we demonstrate its capability in generating droplets with on-demand changes in sizes. The approach is highly robust and the droplet size can be largely maintained despite changes in the flow rates of the continuous phase. It is particularly effective for emulsion systems with a low interfacial tension for high-amplitude perturbations. In the second part, the perturbation-induced droplets (PiD) approach can be adopted to allow adjustment of the droplet structures during continuous generation. Introducing two neighboring droplet phases using two parallel injection channels, multi-compartmental droplets can be generated with the PiD approach. The ratio of compartment of two droplet phases can be controlled by applying different perturbation frequencies to the two liquid phases. Configurations of droplets can be further controlled by tuning the phase lag between the applied perturbations. Besides multi-compartmental droplets, PiD approach can realize switching from single emulsion droplets to core-shell droplets with adjustable size of the cores during a continuous operation. The PiD approach enhances current droplet-based technologies for applications ranging from particle fabrication 11 to confined micro-reactions 6 .
EXPERIMENTAL SECTION

Materials and Methods
Glass micro-capillary device, fabricated by aligning two tapered glass capillaries (World Precision Instruments, Inc. 1B150F-6) with different tip diameters against each other has been used in this study ( Figure 1 ). The capillary is tapered using a micro-pipet puller (P-97, Sutter).
To generate single emulsion, the glass capillary with the smaller tip diameter (d S =50±5 µm as its outer diameter) is used for injecting the jet phase whereas the glass capillary with the larger tip (d L =450±30 µm as its inner diameter) is used for collecting the generated droplets. Both capillaries are fitted into a square capillary with an inner dimension of 1500 µm. The geometry of the device is axisymmetric. The schematic diagram of the experimental setup is shown in Figure 1 (A). To generate bi-compartmental Janus emulsion droplets and multi-compartmental droplets, a glass capillary with two parallel channels (World Precision Instruments, Inc. TST150-6) is used to inject two neighboring jet phases, as shown in Figure 1 (B). The wettability of the wall of injection tip affects the resultant structure of the drop, as shown in Figure 1 (C). We altered the wettability of glass capillary (World Precision Instruments, Inc. 1B100F-6) from hydrophilic to hydrophobic by treating it with octadecyl trimethoxysilane (Aldrich). By doing so, emulsion structures can be easily switched from single to core-shell using the PiD approach. Solutions are delivered to glass capillary microfluidic devices with a co-flow geometry. A mechanical vibrator is used to vibrate the plastic tubing to deliver the inner fluid and this introduces hydrodynamic perturbation to the system. Syringe pumps (Longer pump, LSP01-2A) are used to inject the fluids into the device at stable and controllable flow rates. In devices with co-flow geometries, both fluids flow in the same direction. Different combinations of surfactants are added to hexadecane-in-water emulsion system to vary the interfacial tension. The interfacial tension is measured using a spinning drop tensiometer (SITE100, Kruss) as shown in 
Characterization of the perturbation-induced droplet formation
In our PiD approach, the direction of the flow of the jet phase oscillates, due to the mechanical perturbation imposed. Within each cycle of perturbation, when the driving pressure, which is the pressure difference across the micro-channel, is positive, the jet phase flows downstream. A hemispherical drop attached to the injection tip is formed as soon as the jet phase is pushed out from the injection tip. The effect of the shear force from the outer liquid phase is very weak, as the Capillary number of the outer phase, which is defined as the ratio between shear effect and surface tension effects, ranges from around 0.01 to 0.1. Therefore, the hemispherical drop does not detach from the jet phase; instead, it remains attached to the jet phase via a thin liquid bridge, as shown in Figure 3 (A3, A4). During the transition from a positive driving pressure to a negative one, the liquid is abruptly withdrawn from the liquid bridge that connects the bulk jet phase in the nozzle and the hemispherical drop, resulting in a decrease of the jet diameter. When the diameter gets sufficiently small, the jet breaks up to form droplets ( Figure 3 (A) ). To better understand the process of droplet generation, we measure the distance from jet-outer interface to the injection tip to show the movement of jet phase, as shown in Figure 3 (B). When jet phase breaks into droplets, the value of this distance will change from positive to negative. In the rest part of our paper, we also use the distance changed with time to present the process of droplet generation. 
Effect of perturbation amplitude on droplet generation at different interfacial tension
With a low amplitude of perturbation, the frequency of droplet generation is close to its natural generation frequency, which is the frequency of droplet generation without perturbation, as indicated by the frequencies at a displacement of zero in Figure 3 Indeed the physical location of the mechanical vibrator with respect to the injection point is critical and affect how the droplets are generated. In our work, we have consistently placed the vibrator in a fixed position near to the inlet of the device to ensure consistency in comparing the different results. In our later experiments, we adjust the amplitude to be the same as or higher than the threshold amplitude to ensure that the frequency of droplet generation is the same as the frequency of perturbation. All the later discussion in Section 3 is within the amplitude range in which the two frequencies match.
With an increasing interfacial tension, the threshold of amplitude, at which the frequency of droplets generation equals to the frequency of perturbation, increases. This is because a decrease in the jet diameter leads to a corresponding increase in the jet curvature and thus the Laplace pressure = (1⁄ ) increases accordingly, where is the interfacial tension, and R is the radius of jet diameter. For a given perturbation amplitude, as the interfacial tension decreases, the resulting jet gets thinner and more likely reaches a threshold diameter that will trigger breakup of the jet. Therefore, the PiD approach is most effective for perturbations with a large 
Control over size of single emulsion drops
By controlling the droplet generation frequency, the size of droplets can be determined based on the flow rate of the jet phase. According to mass conservation, with a constant flow rate of the jet phase, Q in , the total volume of the original jet should be equal to the frequency of droplet generation, F d , multiplied by the volume of each droplet, V d , with a diameter D:
The channels in our devices are axisymmetric along the flow direction. Hence, the droplet morphology should also be axisymmetric as well. Thus, the circular shape in the two-dimensional views should be representative in the z-direction as well. Therefore, we assume the droplets to be spherical based on their circular shape in the high-speed microscope images. In this manner, the volume of the droplets, V d , can be estimated as:
Therefore, when F d is the same as the frequency of perturbation, F p , the average diameter D of droplets can be predicted by the following expression:
Based on equation (3) 
RESULTS AND DISCUSSION
In the first part of our results, we show the capability of the PiD approach in generating droplets with on-demand changes in droplet size. Using PiD approach, the size of each individual emulsion droplet can be precisely and instantaneously controlled by the frequency of perturbation. In the second part, we demonstrate the capability of PiD approach in manipulating the structure of droplets during continuous operation. By introducing two neighboring droplet phases, PiD approach can realize generation of bi-compartmental droplets with various structures. The number of the compartments can be easily controlled by varying the two different perturbation frequencies and by imposing a phase lag between the two perturbations. Moreover, by using a device with the appropriate wettability, the droplets generated can be switched from single emulsion droplets to core-shell droplets without the need to switch to a different device or to interrupt the operation. The core-shell ratio can be precisely controlled by varying the amplitude of perturbation.
PiD approach for generating single emulsions with on-demand changes in droplet sizes
While the size of the droplets can be uniformly controlled, customized tuning of the size distribution of the emulsion requires a quick response of the droplet sizes to changes in perturbation frequency. In conventional droplet microfluidics, it typically takes tens of seconds or even several minutes for droplets to adopt a new steady size after an abrupt change in fluid flow rate. During the transition to the steady size, hundreds of droplets with undesired and uncontrolled diameters are generated. However, with our PiD approach, since the response time of the mechanical vibrator is within a few micro-seconds, the size of droplets can be tuned instantaneously, as shown in Figure 5 . To demonstrate this, as we switch off a 50 Hz vibration, the transition from the initially smaller droplets to the subsequently larger droplets is completed within a time shorter than the droplet generation time, resulting in a sharp droplet size change, as shown in Figure 5 (A). We also apply three successive frequencies of 60 Hz, 10 Hz, and 30 Hz; the resultant droplets show corresponding alternation in size ( Figure 5 
PiD approach for manipulating the structure of droplets during continuous operation
PiD approach for synchronizing formation of droplets, enabling generation of bicompartmental Janus droplets
Besides the control of droplet sizes, the PiD approach also facilitates the manipulation of droplet structures. When the device for making single emulsion is modified to allow parallel injection of two neighboring jet phases, bicompartmental droplets can be induced by our PiD approach, with the same level of control over their sizes (Figure 6 (A) ). In the absence of any perturbation, due to the difference in fluidic and interfacial properties, such as viscosity and interfacial tension, it is difficult to synchronize the breakup of the two jets into droplets and achieve a uniform droplet generation frequency for Janus droplets. This is exacerbated in systems with ultra-low interfacial tension, where even a single jet breaks up in an uncontrolled manner into droplets with non-uniform sizes. 39 By contrast, when the breakup is induced by an applied perturbation, droplets break up at the same frequency determined by the perturbation. To demonstrate the synchronized generation of pairs of droplets, we use hexadecane and a tripotassium phosphate (K 3 PO 4 ) solution as the two jet phases and polyethylene glycol (PEG) solution as the continuous phase. In the absence of perturbation, the K 3 PO 4 jet breaks up in an unstable manner at a frequency ranging from 10 Hz to 11 Hz, while the hexadecane jet breaks up into uniform droplets at a frequency of around 35 Hz. As the generation of the two types of droplets is unsynchronized, the resulting droplets vary vastly in size, shape and structure, as shown in Figure 6 (B1). By attaching both pieces of tubing that are used to deliver the two jet phases to a mechanical vibrator, perturbations with the same frequency are introduced to the system. This forces the breakup of the two jets to be synchronized at the perturbation frequency, allowing controlled generation of Janus droplets with a uniform size, which decreases with increasing perturbation frequency, as shown in Figure 6 (B2 & B3).
PiD approach for manipulating the structure of multi-compartmental droplets
Apart from synchronizing perturbations of the same frequency to generate Janus droplets, different perturbation frequencies can be applied to the two droplet phases, a tripotassium phosphate (K 3 PO 4 ) solution and hexadecane, achieving multi-compartmental droplets with different structures, as shown in Figure 6 (B4, B5 & B6) . When the frequency of the liquid phase 1 (K 3 PO 4 solution) doubles that of the liquid phase 2 (hexadecane), multi-compartmental drops with two droplets of liquid phase 1 connected to a droplet of liquid phase 2 can be generated ( Figure 6 (B4) ). When the ratio of perturbation frequencies between phase 1 and phase 2 is modified to 1:2, drops with one phase 1 droplet and two phase 2 droplets can be prepared, as shown in Figure 6 (B5). A further increase in the frequency of the phase 2 to attain a frequency ratio of 1:3, will result in drops combined with one phase 1 droplet and three phase 2 droplets (Figure 6 (B6) ). The ratio of compartment of the two droplet phases is equal to the ratio of perturbation frequencies applied. The PiD approach shows its capability in manipulating configuration of droplets by varying the ratio of the frequencies of the two applied perturbations. 
PiD approach for switching from single emulsion droplets to core-shell droplets during continuous operation
Apart from synchronization of multiple droplet generation steps, our PiD approach also allows direct manipulation of the structure of emulsion. For instance, to form droplets with a core-shell structure, in general, three phases are required: the inner and middle phases are for forming the core droplets and shell layers respectively, while the continuous phase helps to shear the liquid jets to break and attain the core-shell structure. However, using the PiD approach, these coreshell droplets can be prepared with a simple two-phase co-flow microfluidic geometry shown in Figure 8 . By simply changing the wettability of the wall of the injection tip, the perturbationinduced approach can lead to the formation of droplets with core-shell structure. Using an injection tip with a hydrophilic inner wall and a hydrophobic outer wall, oil-in-water-in-oil emulsion droplets are prepared. Alternatively, using an injection tip with a hydrophobic inner wall-and a hydrophilic outer wall, water-in-oil-in-water droplets can also be generated. Using a jet phase of hexadecane and a continuous phase of 2 wt. % SDS solution, during the perturbation phase where the driving pressure is negative, both hexadecane and the aqueous phase retract upstream into the injection tip. Since the inner wall of the injection tip has been rendered hydrophobic in advance, it is wetted by hexadecane, but not the aqueous continuous phase, which form a curved interface, as schematically illustrated in Figure 8 (B1). As the negative pressure decreases and gradually becomes positive, the neck that connects the aqueous phase in the injection capillary and that in the outside becomes thinner, as shown in Figure 8 (B2).
Consequently, this triggers the breakup of the aqueous jet, resulting in an aqueous droplet in the hexadecane inside the injection capillary (Figure 8 (B3) 
CONCLUSION
Our approach of perturbation-induced droplet formation enables control over the droplet size and generation frequency, and is particularly effective when the perturbation amplitude is large and the interfacial tension is low. The response to the change in flow conditions towards the hydrodynamic perturbation is significantly faster than that triggered by changes in the flow rate using typical syringe pumps. Thus, it allows on-demand change in droplet sizes during continuous droplet generation. Besides the excellent control over the size of single emulsion droplets, the PiD approach also facilitates manipulating emulsion structure in continuous operation. By imposing varies frequencies to different droplet liquid phases, various bicompartmental droplet structures can be realized. Besides, different phase lags of the imposed perturbations further broaden the range of achievable droplet configurations. Besides multicompartmental droplets with various structures, PiD approach can also realize the transform from single emulsion to core-shell droplets in a continuous operation.
Perturbation-induced droplet generation (PiD) approach creates new opportunities to customize the size distribution and synchronize parallel production of single emulsions; it also offers a new opportunity in generating droplets with on-demand structures.
